Twelve healthy males completed a controlled passive stretch of the plantar flexors for 4 min at three different intensities. Doppler ultrasound velocimetry and imaging techniques assessed mean leg blood flow (MLBF), antegrade blood flow, and retrograde blood flow of the popliteal artery. Near-infrared spectroscopy assessed the concentration of deoxygenated hemoglobin ϩ myoglobin ([HHb]) and the sum of its deoxygenated and oxygenated forms [i.e., blood volume ([Hb tot])]. Heart rate (HR) and mean arterial pressure were measured simultaneously to peripheral hemodynamic responses. During stretch there was an increase (P Ͻ 0.05) in antegrade and retrograde blood flow along with [HHb] and [Hb tot] relative to baseline, whereas MLBF was not altered. HR increased (P Ͻ 0.01) in a stretch intensity-and time-dependent manner, suggesting a threshold tension must be met that results in a mechanoreflex-mediated increase in HR. After stretch there was an increase (P Ͻ 0.05) in [Hb tot] and MLBF in each condition, suggesting that stretch creates a poststretch hyperemic response. Furthermore, retrograde blood flow was decreased (P Ͻ 0.05) after stretch in each stretch condition. Mean arterial pressure was decreased (P Ͻ 0.05) after moderate-intensity stretching. Collectively, our data provide novel mechanistic evidence on cardiovascular responses to skeletal muscle stretching in humans. Moreover, the reductions in MAP and retrograde blood flow suggest that stretch transiently reduces myogenic vascular tone in a poststretch resting period. IT IS WELL ESTABLISHED THAT regular moderate-intensity exercise improves vascular function and constitutes a major preventative strategy against cardiovascular disease (19, 46) . Hemodynamic factors, such as oscillatory (e.g., antegrade and retrograde) shear stress on endothelial cells lining blood vessels, are an important stimulus during exercise that promote the beneficial adaptations in both artery function and remodeling (19, 32, 45) . However, moderate-intensity exercise training for some individuals (e.g., aging and disease populations) is unattainable because the exercise stimulus is too strenuous to be accomplished. Therefore, alternative low-intensity strategies must be developed that may be used to improve vascular function. In a recent abstract (23), it has been demonstrated in rats that daily passive muscle stretching enhances endotheliumdependent vasodilation, contributing to increased skeletal muscle blood flow during exercise. These findings suggest that skeletal muscle stretching, considered as a low-intensity form of exercise, can play a substantial impact on the overall health and maintenance of the vasculature. Because most other investigations have used animal models, hemodynamic responses to skeletal muscle stretching that may contribute to this adaptation in humans remain less well understood.
IT IS WELL ESTABLISHED THAT regular moderate-intensity exercise improves vascular function and constitutes a major preventative strategy against cardiovascular disease (19, 46) . Hemodynamic factors, such as oscillatory (e.g., antegrade and retrograde) shear stress on endothelial cells lining blood vessels, are an important stimulus during exercise that promote the beneficial adaptations in both artery function and remodeling (19, 32, 45) . However, moderate-intensity exercise training for some individuals (e.g., aging and disease populations) is unattainable because the exercise stimulus is too strenuous to be accomplished. Therefore, alternative low-intensity strategies must be developed that may be used to improve vascular function. In a recent abstract (23) , it has been demonstrated in rats that daily passive muscle stretching enhances endotheliumdependent vasodilation, contributing to increased skeletal muscle blood flow during exercise. These findings suggest that skeletal muscle stretching, considered as a low-intensity form of exercise, can play a substantial impact on the overall health and maintenance of the vasculature. Because most other investigations have used animal models, hemodynamic responses to skeletal muscle stretching that may contribute to this adaptation in humans remain less well understood.
There is compelling evidence, at least in isolated animal muscle preparations, demonstrating that muscle blood flow decreases proportionally with increases in muscle length (i.e., stretch) (29, 35, 38) . Indeed, a clear biphasic pattern in the blood flow response as the muscle is progressively lengthened has been shown (38) . For example, the initial lengthening pulls the capillaries into a straight configuration until a mean sarcomere length of ϳ2.2 m is reached. However, this may not alter blood flow (38) . Further increases in muscle length (ϳ3.3 m) stretch the capillaries in the longitudinal direction along the axis of the sarcomere (13, 39) . Consequently, this results in the mean capillary diameter becoming smaller, vascular resistance increasing, and muscle blood flow decreasing by as much as 40% (39) . Thus, there appears to be a threshold length at which a significant decrease in blood flow occurs during stretch. However, because these studies were performed using an isolated animal model, the extent that these findings can be extrapolated to humans who exhibit a wide range of physiological responses to muscle stretch has not been established.
More recently, studies in humans have used noninvasive near-infrared spectroscopy (NIRS) to explore local changes in microvascular muscle tissue oxygenation [oxyhemoglobin ϩ myoglobin concentration ([O 2 Hb]), deoxyhemoglobin ϩ myoglobin concentration ([HHb])] and/or muscle blood volume (total hemoglobin ϩ myoglobin concentration [Hb tot ]) in response to skeletal muscle stretch (30, 31, 36 Kruse and Scheuermann (30) showed no appreciable changes in [Hb tot ] but reported a significant increase in [HHb] during passive stretch. Despite differences in study design, these experiments provide indirect evidence to support the contention that conduit artery and microvascular hemodynamics may be altered as a result of stretch in humans. Nevertheless, no study to date has determined muscle blood flow directly during a sustained passive stretch and established the degree to which muscle perfusion is compromised by increasing the level of the intensity of stretch.
Therefore, to gain a better understanding of the interaction between muscle length, muscle perfusion, and oxygenation, the present study used Doppler ultrasound and NIRS techniques, which allowed for the simultaneous assessment of conduit artery blood flow and microvascular oxygenation-deoxygenation of muscle during graded levels of stretch in humans. We hypothesized that the higher stretching intensities (i.e., muscle fascicle lengths) would elicit the greatest reductions in blood flow and blood volume ([Hb tot ]) and the greatest increases in O 2 extraction ([HHb]). Furthermore, we hypothesized that the hyperemic response after stretching would be greater as a result of the higher stretch intensities, similar to the hyperemic response following the release of an occluded blood vessel.
METHODS

Subjects
Twelve healthy males (age 28 Ϯ 5 yr, height 173 Ϯ 3 cm, body mass 67 Ϯ 9 kg) volunteered to participate in the present investigation. All were habitually physically active, but none were specifically flexibility trained, according to the current recommendations set forth by the American College of Sports Medicine Guidelines for Testing and Prescription (1). Females were excluded because: 1) hormonal changes during phases of the menstrual cycle may augment muscle tendon unit stiffness (33) , 2) females, in general, exhibit a less stiff muscle tendon unit compared with males (33) , and 3) females have an attenuated mechanoreflex and rely more on local vasodilation than males (5, 26) . Participants received written and verbal details of the experimental procedures and potential risks before signing an informed consent form approved by the University of Toledo Institutional Review Board and in accordance with the Declaration of Helsinki. All testing sessions for each subject were performed at the same time of day to control for diurnal variation (27) and in a thermoneutral environment (22°C). Subjects refrained from exercise 24 h and caffeine and alcohol consumption for 12 h before data collection.
Experimental Overview
Participants reported to the laboratory on four separate occasions separated by at least 48 h. The first session consisted of a preliminary information and testing session. During the remaining sessions, each subject performed one of three experimental conditions each for 4 min, which consisted of varying intensities of stretch and included the following: 1) constant-angle moderate-intensity stretch (CAS), constant-angle low-intensity stretch (LIS), and constant-torque moderateintensity stretch (CTS). Following 15 min of rest in a prone position, and after a 1-min baseline, triceps surae muscle extension (stretch) was accomplished by brief (initiated within ϳ3 s) passive dorsiflexion at a rate of 10 deg/s of the right ankle on an isokinetic dynamometer (Biodex, Shirley, NY). Beat-by-beat hemodynamic parameters of heart rate (HR), blood pressure, Doppler ultrasound estimates of popliteal artery blood flow, and NIRS estimates of muscle tissue oxygenation and blood volume were continuously measured and averaged as follows: 1) during baseline (rest) in a period of 30 s preceding the passive stretch, 2) during the first 15 s upon initiation of stretch, and 3) during the last 15 s of each time interval at 60, 150, and 240 s during stretch. After 4 min of stretch, the ankle was returned to baseline, or 110°dorsiflexion (20°plantar flexion), and hemodynamic variables were continuously measured and recorded during the first 15 s after stretch and during the last 15 s of each time interval at 1, 5, and 10 min. All output signals, except for NIRS measures, underwent analog-to-digital conversion and were recorded using LabChart 7.0 (PowerLab 16SP; ADInstruments).
Muscle Stretching Procedures
For each stretch session the subject's right foot was placed in a footplate attached to the dynamometer. The ankle joint was carefully aligned to the axis of rotation of the dynamometer and then secured in place with a heel support and strap to minimize foot displacement. Positions of the heel and foot were adjusted to the same height before stretching to ensure the same point of rotation for each session and each subject. This positioning elicited a knee joint angle of 160°fl exion.
Experimental session-CAS. The CAS session served as the reference session for ankle joint angle measurements in experimental testing sessions 2 and 3, which were randomly assigned (LIS or CTS). With the subject fully relaxed, a 1-min baseline period was followed by 4 min of a sustained constant-angle passive stretch. Maximal dorsiflexion was identified by each subject as a point just before the feeling of "moderate discomfort" and is consistent with the approaches used in previous research (4, 30) . A typical CAS and LIS recording during passive triceps surae stretch in one subject is shown in Fig. 1 .
Experimental session-LIS. The LIS served as the low-intensity stretch for the study. For the LIS session, a 1-min baseline period was followed by a constant-angle passive stretch by rotating the footplate to 80% of the predetermined end range of motion from the angle acquired from experimental session 1 (CAS), and holding for 4 min. This intensity was chosen based on preliminary work from our laboratory where it was demonstrated that, at approximately this angle, the subject reported "no noticeable discomfort."
Experimental session-CTS. A critical component of the cardiac autonomic nervous system is that the mechanical tension created by muscle stretch selectively activates mechanoreceptors that, in turn, result in a temporary (within the first 15-60 s) increase in HR (8, 16, 17, 20) . However, a caveat to previous studies investigating the relationship between the mechanoreflex and HR responses is that a constant-angle stretch was employed, resulting in viscoelastic creep. Viscoelastic creep is a well-known phenomenon that, during a constant-angle stretch, results in a substantial decline in passive resistive torque (i.e., mechanical tension) (21) (see Fig. 1 ). Therefore, it is possible that during CAS or LIS there is a temporary rise in HR before returning to baseline, potentially as a result of the viscoelastic creep phenomenon, whereas a constant-torque stretch will continuously stimulate mechanoreceptors of stretch leading to a maintained elevation in HR. To address this issue, we employed an additional testing session that involved a CTS. The subject's ankle was passively dorsiflexed to the "point of moderate discomfort," which was based on the angle recorded during the initial reference session (i.e., CAS). Rather than holding the angle "constant" during the stretch, continuous torque adjustments were applied by the dynamometer so that the starting torque was equal to the finishing torque (i.e., moderate intensity), as represented in Fig. 1 .
Conduit Artery Hemodynamic Measurements
Instantaneous blood velocity (cm/s) in the right popliteal artery was continuously measured using Doppler ultrasound velocimetry (model 500-M; Multigon Industries, Mt. Vernon, NY) operating in continuous mode. The ultrasound probe was held securely in place over the popliteal artery at an insonation angle of 45°relative to the artery.
Images of the popliteal artery were recorded at baseline using a 7-MHz echo Doppler ultrasound probe in duplex mode (z.one ultra; ZONARE Medical Systems, Mountain View, CA). Popliteal artery diameter was determined at end diastole in triplicate using the built-in calipers of the ultrasound system. Mean leg blood flow (MLBF) and its components, antegrade and retrograde blood flow, were calculated using the following equation: leg blood flow ϭ mean blood velocity ϫ (popliteal artery diameter/2) 2 ϫ 60, where MLBF is in milliliters per minute. As an index of vascular tone, leg vascular conductance (LVC) was calculated as: LVC ϭ MLBF/mean arterial pressure (MAP), where LVC is in milliliters per minute per 100 mmHg.
In pilot studies, popliteal artery diameter was measured in five subjects before, during, and after stretch. There was no increase (P Ͼ 0.05) in popliteal artery diameter during or after a single 4-min stretch of the plantar flexors relative to baseline. Thus, baseline popliteal artery diameter for each subject was used to calculate MLBF at rest and during and after stretch.
Shear rate. Shear rate was calculated for mean blood velocity and both the antegrade and retrograde components using the following equation: shear rate (s Ϫ1 ) ϭ [4 ϫ blood velocity (cm/s)]/diameter (44) . Antegrade shear rate represents forward flow through the popliteal artery, whereas retrograde shear rate results from the resistance to flow. An overall representation of bidirectional flow from these parameters can collectively be captured as the dimensionless measure known as the oscillatory shear index (OSI), which was calculated as follows: |retrograde shear rate|/(antegrade shear rate ϩ |retrograde shear rate|) (32) .
Microvascular Oxygenation and Blood Volume
NIRS. NIRS-derived measures of microvascular deoxygenated concentration forms of hemogblobin ϩ myoglobin ( [HHb] ) and the sum total of O 2Hb and HHb, considered as estimates of microvascular blood volume concentration ([Hbtot]), were measured over the distal aspect of gastrocnemius medialis using a frequency-domain phasemodulation NIR spectrophotometer (ISS Oximeter model 96208, Champaign, IL). In brief, the [HHb] can be considered as a proxy for microvascular O2 extraction (10, 15) independent of the changes in blood volume under the NIRS probe (14, 15) . Thus, NIRS-derived estimates of [HHb] and [Hb tot] can provide unique insight into the mechanisms governing the relationship between O2 delivery and O2 utilization at the site of interest (37) . The site was measured as one-third the distance between popliteal crease and medial malleolus. The NIRS probe was held in place by Velcro strapping and then reinforced with additional elastic taping. An opaque vinyl cloth was placed over the probe, and additional elastic taping was used to prevent any extraneous light from interfering with the NIRS signal. The sampling rate was set at 2 Hz, and 15-s averages were time aligned to conduit artery and cardiovascular responses. Day-to-day reliability for this device in our laboratory on microvascular responses during skeletal muscle stretch has been shown to be acceptable To normalize the [HHb] data for each subject across stretch conditions, a pneumatic cuff (D.E. Hokanson, Bellevue, WA) was placed proximal to the NIRS sensor and inflated to ϳ250 mmHg for ϳ5 min, or until deoxygenation reached a plateau (i.e., the maximal [HHb] value recorded during the last 10 s of occlusion). The preocclusion baseline value was determined as the average during 5 min of the resting phase. The baseline value was defined as 0%, and the maximum value during ischemia was defined as 100%. NIRS measures of [HHb] during stretch were then calculated as the relative percent concentration change of these values (%⌬[HHb]).
Central Cardiovascular Measurements
MAP was noninvasively monitored with an automated finger cuff on a beat-by-beat basis (CNAP Monitor500; CNSystems, Graz, Austria). This device has been shown to provide clinically acceptable values in subjects lying in the prone position compared with values obtained from the intra-arterial cannula method (11) . The monitoring finger cuffs were placed around the middle two fingers of the left hand and supported at the heart level. From the arterial blood pressure waveform, MAP was calculated from the systolic blood pressure (SBP) and diastolic blood pressure (DBP) using the standard equation, MAP ϭ DBP ϩ 1/3(SBP Ϫ DBP). HR was measured using three-lead electrocardiography in the standard lead II position.
Muscle Fascicle Length, Myoelectrical Activity, and Breathing Pattern
Muscle fascicle length. To quantify the perceptual effort of "low-" and "moderate-"intensity stretch, the magnitude change of muscle fascicle length at the onset of CAS, LIS, and CTS was briefly measured after the stretching session using the same ultrasound device, in B mode. The probe was fixed perpendicular to the skin at the same location as to where the NIRS sensor was previously placed. The probe was oriented in line with the fascicles such that longitudinal images were captured for gastrocnemius medialis fascicle length measurements. This approach is similar to a technique used in a previous study (40) . Once a fascicle was clearly identified, the ankle joint was passively rotated at 10°/s from 20°plantar flexion to the predetermined angle recorded from the isokinetic dynamometer.
All image scans were analyzed offline using Image J software (National Institutes of Health, Bethesda, MD). To measure muscle fascicle length, two separate muscle fascicles were identified as a clearly visible fiber bundle lying between superficial and deep aponeuroses. The fascicle length was measured along the marked fiber bundle, from the superficial to the deep aponeurosis (25) . If the end of the regions of the fascicle projected off the image, the invisible section length was estimated by extrapolation and trigonometry (40) . Fascicle length was then calculated as the sum of the visible and extrapolated portions of the fascicle. The mean fascicle length of the two fascicles imaged three times each was taken as representative for each subject and stretch condition.
Muscle activation. To ensure that muscle activation did not confound our results, surface electromyography (EMG) was recorded on the gastrocnemius lateralis of the right leg during a maximal voluntary isometric contraction and during the stretching sessions. To verify that myoelectrical activity remained below the critical threshold value during stretching, EMG activity Ͼ10% [measured as the root mean square (RMS) in mV] of maximal voluntary isometric contraction was considered significant enough that it would confound the result, which is consistent with previous methods (48) . The bipolar electrode configuration was set at a 1,000-Hz analog-to-digital conversion (bandwidth 10 -500 Hz) and smoothed using a 50-ms RMS window using the Bagnoli-8 Main Unit EMG system (DelSys) and LabChart 7.0.
Breathing pattern. In an effort to prevent vagal-induced changes in breathing by the sinus arrhythmia from contributing to changes in HR during stretch, the respiratory cycle and the rate and depth of breathing were assessed using a metronome and respiratory belt (UFI model 1132 Pneumotrace II) placed around the chest. Respiratory rate was standardized for each subject, which meant that subjects set a breathing rate that they found to be most comfortable on the first day of testing as controlled via audible beats from the metronome. A 10% cut off from the depth of oscillatory breathing values (measured as the RMS in mV) relative to baseline was set as the threshold to identify whether cyclical breathing remained negligible during stretch.
Statistical Analysis
All data were analyzed using a Statistical Package for the Social Sciences version 21.0 (IBM, Chicago, IL). Initially, a two-way ANOVA with repeated measures was conducted to analyze the interaction effect of stretching condition (CAS vs. LIS vs. CTS) and time during (15 s vs. 60 s vs. 150 s vs. 240 s) and after (15 s vs. 60 s vs. 1 min vs. 5 min vs. 10 min) stretch. If significant differences were detected, Tukey's post hoc procedures were applied for pairwise comparisons to identify condition differences over time in each hemodynamic parameter of interest. Greenhouse-Geisser corrections were applied when necessary. Day-to-day reliability for popliteal artery MLBF was determined in a subset of five subjects at rest and during stretching using an ICC and a coefficient of variation (CV). Last, passive torque and fascicle length were compared using ANOVA. Statistical significance was set at P Ͻ 0.05.
RESULTS
Day-to-day reliability for MLBF responses at rest and during stretch were as follows: rest, CV ϭ 9.7% and ICC ϭ 0.84; stretch, CV ϭ 9.1% and ICC ϭ 0.86. Cyclical breathing and EMG patterns remained below the 10% threshold during on and off transitions from stretch and thus were not considered sources of contamination.
Peripheral Hemodynamic Responses During and After Stretch
Before stretch, there was no difference (P Ͼ 0.05) in any of the cardiovascular (peripheral, microvascular, and central) variables measured during baseline. Results for antegrade blood flow, retrograde blood flow, and MLBF through the popliteal artery are shown in Figs. 2 and 3 . The analysis revealed that there was an interaction (P ϭ 0.03) and main effect (time, P ϭ 0.02) on antegrade and retrograde blood flow during stretch. Specifically, antegrade and retrograde blood flow immediately increased and remained elevated (P Ͻ 0.05) across time in each condition (Fig. 2) . The parallel increases in antegrade and retrograde blood flow resulted in no net change in MLBF. After stretch there was an interaction (P Ͻ 0.01) and main effect (condition and time; P ϭ 0.01) for MLBF (Fig. 3) . Specifically, MLBF increased in all conditions immediately (post-15 s; P Ͻ 0.01) after stretch, indicating a poststretch hyperemia. Additionally, MLBF was higher (post-15 s, P Ͻ 0.001) in CTS than CAS and LIS conditions (Fig. 3) . Table 1 illustrates shear rate, OSI, and LVC over time during passive stretch. As with antegrade and retrograde blood flow, shear rate and OSI followed a similar time course change, with mean shear rate remaining unchanged. Because MLBF and MAP did not change during stretch, there were no changes in LVC at any time interval. Table 2 illustrates vascular shear rate, OSI, and LVC over time, after stretch. After stretch (post-15 s; P Ͻ 0.05), antegrade shear rate, mean shear rate, OSI, and LVC showed a similar time course change to that of MLBF. Furthermore, retrograde shear rate was lower (P Ͻ 0.05) at every time interval in every condition, suggesting a lower resistance to blood flow. Values are means Ϯ SD. CAS, constant-angle moderate-intensity stretch; LIS, constant-angle low-intensity stretch; CTS, constant-torque moderate-intensity stretch. *Significantly different from baseline.
Microvascular Hemodynamic Responses During and After Stretch
there was an interaction (P Ͻ 0.01) and main effect (time, P Ͻ 0.01; condition, P ϭ 0.01) on [Hb tot ]. Specifically, [Hb tot ] increased in all groups immediately (post-15 s, P Ͻ 0.01) and remained elevated (all P Ͻ 0.05) at every time interval after stretch. Furthermore, the immediate (post-15 s) increase was intensity dependent such that CTS and CAS were higher (P Ͻ 0.05) than LIS. In general, for all subjects, [HHb] increased rapidly at the onset of each stretch, approaching a plateau during constant-angle conditions, but continued to rise during constant-torque stretch (Fig. 6) . Specifically, the analysis revealed a significant interaction (P Ͻ 0.05) and main effect (time, P Ͻ 0.01; condition, P Ͻ 0.01) for %⌬ [HHb] . Post hoc analyses revealed that, during stretch, %⌬[HHb] transiently increased (P Ͻ 0.05) over time for each condition; however, LIS plateaued by 150 s, whereas CAS and CTS continued to increase such that CAS and CTS conditions elicited a greater (P Ͻ 0.01) %⌬[HHb] response at 150 and 240 s compared with LIS.
Central Hemodynamic Responses During and After Stretching
Results for HR and blood pressure during stretch are shown in Table 3 . The analysis revealed an interaction (P Ͻ 0.001) and main effect (time, P Ͻ 0.001) on HR during stretch. During CAS, HR immediately increased (P Ͻ 0.001) and remained elevated (P Ͻ 0.001) for 60 s before returning to baseline by 150 s. During LIS, HR immediately increased (P Ͻ 0.001) but returned to baseline by 60 s. During CTS, HR immediately increased (P Ͻ 0.001) and remained elevated (P Ͻ 0.001) for every time interval. There was no interaction for SBP, DBP, and MAP parameters during stretch in any condition (Table 3 ). After stretch, there was no change in HR and SBP (Table 4 ). However, there was an interaction (P Ͻ 0.01) and main effect (time, P Ͻ 0.01) for DBP. Specifically, DBP was decreased (P Ͻ 0.05) in CAS, LIS, and CTS at every time interval. This resulted in a decreased MAP (main effect for time, P Ͻ 0.05) in CAS and CTS conditions. There was no change in MAP after LIS, suggesting that higher-intensity stretching yielded a poststretch systemic hypotensive response. Average fascicle length values at rest were similar between CAS (44 Ϯ 4.1 mm), LIS (44.6 Ϯ 3.5 mm), and CTS (44.7 Ϯ 3.6 mm). At the onset of stretch CAS and CTS exhibited a 12.7% (50.9 Ϯ 7.8 mm; P Ͻ 0.01) and 12.8% (51.1 Ϯ 7.6 mm; P Ͻ 0.01) increase in fascicle length from baseline, whereas LIS elicited a 5.6% increase (47.8 Ϯ 6.6 mm; P Ͻ 0.01) from baseline. Accordingly, muscle fascicle length was extended significantly (P Ͻ 0.01) by muscle stretching from low intensity (LIS) to moderate intensity (CAS and CTS).
Passive Resistive Torque
DISCUSSION
To our knowledge this is the first study to translate the effect that skeletal muscle stretch has on conduit artery and microcirculatory blood flow responses in humans. The major novel findings of the study are: 1) MLBF is not altered at the level of the conduit artery during a low-or moderateintensity stretch; however, the magnitude of antegrade and retrograde blood flow and shear rate becomes altered. Conversely, microvascular blood flow may be reduced during stretch as evidenced via increases in NIRS-derived estimates of [HHb] and [Hb tot ], 2) an intensity-dependent acute poststretch (within 15 s) hyperemic response at the level of conduit artery is evident after a low-or moderate-intensity stretch, whereas microvascular blood volume is elevated throughout the poststretch time interval (10 min), regardless of the intensity of the stretch, 3) resting retrograde blood flow and shear stress are reduced after stretch, regardless of intensity, 4) blood pressure is decreased after moderateintensity (CAS and CTS) stretch, and 5) the temporal responses to HR are altered during different intensities of muscle stretch. Collectively, these results show that progressively increasing muscle fascicle length via low-or moderate-intensity passive skeletal muscle stretching elicits a noteworthy cardiovascular response (autonomic, central, macro-and microcirculatory) in healthy young males.
Peripheral Hemodynamic Responses During and After Stretching
A key question of this study was whether stretch alters blood flow and skeletal muscle perfusion in humans. Previous evidence from animals has reported that microcapillary blood flow decreases when a "threshold" sarcomere length is reached (29, 37) . These findings in animals have led to the current perspective that skeletal muscle stretching causes a transient reduction in blood flow in humans, and could be counterintuitive in the context of using stretch as a recovery intervention from exercise (41) . Therefore, to answer the question of whether blood flow is significantly impeded during stretch in humans, we used two different approaches as follows: measurement of conduit artery blood flow with Doppler ultrasonography simultaneous to the measurement of gastrocnemius muscle tissue oxygenation via NIRS under different intensities of skeletal muscle stretch. Accordingly, we found that increasing muscle fascicle length from a low to a moderate intensity did not alter conduit artery MLBF. Conversely, the change in NIRS signals (both HHb and Hb tot ) during stretch presented two different behaviors, Fig. 6 . Raw data tracing of leg deoxygenated hemoglobin profiles for one representative subject during transitions to each stretch intensity consisting of CAS, LIS, and CTS. which may suggest that stretch causes a disturbance in microcirculatory blood flow via blood volume flux from the redistribution of heme units between arterioles and venules. This presumption is met by the fact that, during constantangle stretching (i.e., CAS and LIS), the oxygen delivery to tissues was likely not compromised because an initial increase in [Hb tot ] was observed, followed by a steady state, potentially due to an impaired washout of blood caused by venous occlusion. However, during the CTS condition, there was no change in [Hb tot ] during stretch, possibly due to oxygen delivery to tissues being impeded. In further support of this evidence, the [HHb] , which has been interpreted to represent the balance between O 2 delivery and O 2 utilization, exhibited increases in its concentration under each stretch condition (Figs. 5 and 6 ). This increase in [HHb] may be due to a pooling of venous blood caused by the blockage of its return, partial arteriolar occlusion, and/or an increase in metabolic rate. Taken together the results of the present study provide evidence that stretch causes two simultaneous vascular events in humans, that is, progressively increasing muscle fascicle length to a point of low or moderate intensity does not alter conduit artery blood flow. On the other hand, stretch may indeed disturb (i.e., reduce) flow through the microcirculation via changes in oxygenation, and these alterations may be the result of venous and/or arterial congestion, as previous animal evidence has demonstrated.
Another focus of the present study was to address what potential hemodynamic mechanisms are responsible for the purported beneficial vascular adaptations as a result of muscle stretch. In a recent abstract by Hotta and colleagues (23) , it was demonstrated that daily passive stretching improves endothelial-dependent vasodilation, leading to a subsequent improvement in blood flow during exercise. Endothelial-dependent vasodilation has been shown to be an important prognostic indicator in the development of cardiovascular disease (49, 51) that, depending on the magnitude and/or nature of oscillatory shear patterns, can create either a negative or positive effect on blood vessels (9) . In this regard, despite no changes in MLBF in the present study, we found that the magnitude changes in Table 3 . Central hemodynamic responses during stretch Stretch Baseline Stretch, s oscillatory shear rate patterns (antegrade vs. retrograde) were altered as a result of stretch, i.e., increasing muscle fascicle length to a point of low or moderate stretch intensity yielded similar elevations in antegrade and retrograde shear rate relative to baseline. These findings are important given recent research demonstrating that enhancement of antegrade shear rate can upregulate endothelial vascular function (47) , whereas retrograde shear may present a detrimental stimulus to the endothelium, at least in the brachial artery (42, 45) . Nevertheless, it remains unknown whether the enhancement of the antegrade component and/or overall increase in oscillatory shear patterns as a result of stretch of the lower extremity offsets the potential negative effect of the retrograde component, leading to a subsequent improvement in vascular function.
A somewhat unexpected and intriguing finding of the present investigation was that retrograde blood flow and shear rate were attenuated following each stretch session at every poststretch time interval. These findings suggest that the resistance to blood flow and shear rate within the popliteal artery was reduced after various intensities of skeletal muscle stretch. Furthermore, although this study was not designed to detect the specific nature of the mechanisms regulating vascular function to stretch, it is possible that these findings may lead to a transient reduction in vascular tone. Future research will be needed to elucidate the underlying mechanisms that lead to a reduction in retrograde blood flow and shear rate after stretch.
Microvascular Blood Volume and O 2 Extraction as a Result of Stretch
As previously noted, [Hb tot ] slowly increased during constant-angle stretch conditions (CAS and LIS), whereas CTS remained unchanged. Intramuscular pressure was not measured in this study; however, the disproportionate findings in [Hb tot ] raise the possibility that intramuscular pressure may have altered blood volume distribution potentially by occluding blood vessels (i.e., arterioles and venules) due to a shearing effect (34, 43) . It is also possible that the viscoelastic creep phenomenon may have played an important role in how compressive forces alter blood volume as a result of stretch. In the present study a dramatic decrease in passive resistive torque (30 -40%) was observed during constant-angle stretches (i.e., viscoelastic creep; see Ref. 21) . This external stimulus could explain the small but significant elevations in [Hb tot ] seen after 60 s during CAS and LIS conditions, whereas CTS remained unchanged, potentially as a result of arterial congestion. Collectively, these findings suggest that stretch in humans increases microvascular resistance and disturbs flow through the microcirculation via changes in oxygenation and that these alterations may be the result of venous and/or arterial congestion.
In accordance with our hypothesis, the %⌬ [HHb] increased in a stretch intensity-dependent fashion, i.e., the higher stretch intensities elicited greater elevations in O 2 extraction. Our findings contend two possible mechanisms that may be responsible for the alterations in muscle oxygenation-deoxygenation patterns in the present study. First, our [Hb tot ] findings above allude to the possibility that, during stretch, intramuscular pressure could be increased to such an extent that some level of venous and/or arterial congestion occurs. Therefore, the inability to augment venous outflow during stretch will alter the balance between arterial inflow relative to venous outflow; this will then create a mismatch between O 2 delivery and O 2 utilization, resulting in an elevation of %⌬ [HHb] . Furthermore, an increase in [HHb] signal combined with no change in [Hb tot ] most likely reflects greater muscle O 2 extraction (14) . Thus, the CTS conditions most likely reflect greater O 2 extraction, whereas the CAS and LIS conditions may be interpreted as both O 2 extraction and venous (deoxygenated) volume contributing to the rise in [HHb] of the present study. On the other hand, convincing evidence from animal experiments has observed that, despite a lack of sarcolemma depolarization or cross-bridge cycling, a passively stretched muscle can be metabolically active, as observed through increases in O 2 consumption and heat production (2), carbon dioxide production (12) , glycogen utilization (3), blood glucose uptake (6) , and phosphocreatine breakdown (3). Therefore, whether skeletal muscle stretching in humans increases metabolic rate and/or some level of mechanically induced venous/arterial congestion contributes to the associated increases in O 2 extraction of the present study remain under debate.
Autonomic Modulation of HR: Stretch and the Mechanoreflex
This study was also designed to address the question of whether selective activation of mechanoreceptors as a result of varying intensities of muscle stretch alters the temporal responses to HR. Indeed, the role of stretch/tension mechanoreceptors is well understood to play a critical factor in driving HR responses in humans (6, 16, 20) . However, in previous studies, a constant-angle stretch was employed, resulting in a temporary rise in HR (ϳ4 -5 beats/min) before falling back to baseline. Therefore, it was unclear whether a startle reflex (i.e., subject unexpectedly and reflexively moves his body due to movement from the isokinetic dynamometer) or a decrease in muscle tension during stretch may contribute to the temporary rise in HR in humans. The issue of lowering passive tension after the onset of constant-angle stretch is potentially important since it may represent the stimulus by which stretch/tension mechanoreceptors reduce afferent firing, thus contributing to a decrease in HR back to baseline. On the other hand, offsetting potential stretchinduced relaxation of the skeletal muscle by applying a constant-torque stretch may result in an increase in muscle length that could, in turn, differentially affect the activation of mechanoreceptors compared with CAS. In this context, we found that, during constant-angle stretch, the early rise in HR (ϳ4 -6 beats/min) returned to baseline by 60 and 150 s in LIS and CAS conditions, a finding similar to previous research. Additionally, these changes were marked by a 30 and 40% reduction in passive resistive torque in LIS and CAS, respectively, thus suggesting that viscoelastic creep and the subsequent loss of passive tension during constantangle stretch may be attributed to a loss in mechanosensitive afferent activation and a subsequent decline in HR back to baseline. To further support this notion, the CTS session was employed, which started and ended at the same starting tension as CAS. However, CTS demonstrated a similar but sustained increase in HR throughout the entirety of the stretch. If mechanoreceptive afferents are assumed to be the predominating mechanism driving HR responses during passive stretch (16) then our interpretation to this finding is that, during CTS, a consistent amount of tension at a sufficient intensity is placed on the muscle-tendon unit, which causes continuous activation of mechanosensitive muscle afferents and, consequently, results in a consistent elevation in HR. Collectively, the findings of the present study are the first to provide evidence to suggest that a critical stretch/tension may be needed to drive mechanoreflex-mediated changes in HR in humans.
Experimental Considerations
The present study is not without a few limitations. First, the results can only be extrapolated to healthy young males. However, due to the low-intensity nature of skeletal muscle stretching, it would be relatively easy to incorporate this stretching protocol in a variety of other populations. In the present study we could not employ a quantitatively consistent stretching intensity for the reference session (CAS) because it is not possible to "maximize" passive torque via stretch. Instead, the passive torque on the plantar flexors was to a point that was perceived as moderate discomfort for each subject. Clearly this intensity may be subjective between subjects. Nevertheless, the hemodynamic responses were consistent within and between subjects, which allowed for statistical significances to persist. Furthermore, to circumvent this potential confound, we quantified the magnitude change of each stretch intensity by measuring muscle fascicle length at the onset of each stretch. However, this method is only able to assess muscle fascicle length at the beginning of stretch and not at the end, where viscoelastic creep could play a factor in altering the length. It should also be recognized that the soleus may also undergo considerable stretch (perhaps more than the gastrocnemius) using the approach that we used in this study. However, due to the fact that our NIRS sensor is capable of penetrating to ϳ2 cm depth in the tissue of interest, coupled with the fact that gastrocnemius muscle tissue is ϳ2.3 cm (unpublished observations), it can be assumed that the majority of the NIRS signal encapsulates the gastrocnemius muscle tissue as opposed to the soleus, as the primary muscle tissue of interest. Last, an anticipatory response or startle reflex may have confounded the HR responses during the on transition from stretch; however, we made every precautionary attempt to eliminate this. For example, the rate of rotation on the isokinetic dynamometer was 10 deg/s, which is slow enough to eliminate the stretch reflex. Furthermore, to avoid a startle reflex and active resistance to the passive movement as well as an anticipatory response, subjects were not informed of exactly when the stretch would initiate but were only made aware at a random time point within a 60-s window before the onset of stretch, which is consistent with previous approaches using passive leg movement (26) .
Clinical Significance
The clinical utility of stretching appears to be in its lowintensity nature. This makes stretching a viable intervention for most aging and disease populations where their work capacity is severely diminished and their ability to induce large increases in shear stress is reduced. The present study is the first step in elucidating the potential beneficial cardiovascular effects that stretch may have in humans. Full body stretching (afterward) has previously been shown to reduce blood pressure (24, 52) ; however, the experimental designs did not make it capable of distinguishing whether the stimulus of the stretch or other dynamic movement patterns contributed to the poststretch hypotensive response. In this study, a slow and sustained passive stretch was employed, with negligible muscle activity. Accordingly, we found that a single stretch at a moderate intensity (i.e., CAS and CTS) for 4 min can lower systemic blood pressure in a poststretch period of at least 10 min. The finding that blood pressure can be reduced after a stretching treatment has enormous clinical implications. Antihypertensive medications are capable of reducing blood pressure immediately, yet their prescription would enroll more than 25 million Americans in patienthood and also place a great burden on the health insurance system (7). Furthermore, exercise training decreases blood pressure (ϳ2-4 mmHg) (28, 50) with no additional side effects, but the intensity may be too strenuous for certain at-risk populations. Thus, the minimal effort required to stretch (with or without assistance) appears to be a novel and effective strategy to decrease blood pressure, at least in healthy males. Along these lines, a reasonable next step for future research might be to use broader experimental approaches (i.e., different muscle groups and/or full body stretching) to further help translate this research into a variety of other populations. Last, it should be emphasized that the capacity to invoke hyperemia without a concomitant increase in muscle activity may be clinically relevant. Recent evidence suggests that passive leg movement training can result in a beneficial angiogenic stimulus characterized by enhanced vascular endothelial growth factor, endothelial cell proliferation, and capillary growth (22) . Therefore, it is possible that longterm intermittent stretch training, which induces large increases in shear stress, may result in similar beneficial angiogenic adaptations. Furthermore, while the absolute changes in the oscillatory index in the present study may be small compared with exercise responses, long-term application of a stretching routine may be sufficient stimuli to cause adaptions in vascular function and health. Future research is warranted to assess vascular function as a result of acute and chronic stretching treatments to more precisely clarify this presumption.
In conclusion, the data acquired from this investigation have enhanced current knowledge regarding the role of increasing muscle fascicle length through low-and moderate-intensity stretching on cardiovascular responses in healthy young men. The important findings to the investigation reveal that stretching, regardless of intensity, does not decrease blood flow at the level of conduit artery; however, flow may be impeded within the microvasculature in a muscle-intensity stretch-dependent manner. This effect resulted in the oscillatory components of antegrade and retrograde shear rate to become similarly increased. Upon release of the stretch, a large hyperemic response ensues at the level of the conduit artery (for ϳ15 s), and this response is dependent on the intensity of the stretch. Furthermore, HR is altered in response to varying levels of stretch (i.e., mechanoreflex), and these responses appear to have a critical stretch/tension threshold initiating these responses. Last, stretching decreases retrograde shear rate (afterward) along with a decrease in blood pressure (seen only after moderate stretch intensity efforts). Through various mechanisms, these findings may translate into a beneficial cardiovascular effect, although future research will be needed to provide direct conformation on this.
